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2 .  What a r e  the  k i n e t i c s  of g a s i f i c a t i o n  and combustion? 

3 .  What a r e  the  e f f e c t s  on g a s i f i c a t i o n  of -- feed s tock ,  product 
gases ,  bed he igh t  , steam prehea t  , s u p e r f i c i a l  steam v e l o c i t y ,  
ash  content  i n  m e l t  and o the r s?  

4 .  Can coa l  ash be removed from t h e  m e l t  and t h e  sodium recovered 
economica l l y ?  

\ 
Some of t h e  answers on g a s i f i c a t i o n  and t h e  problems of g e t t i n g  the  
answers a r e  presented i n  t h i s  r e p o r t .  Other t o p i c s  w i l l  be discussed 

I i n  subsequent r epor t s .  
I 
I 

! 
11. EXPERIMENTAL 

A .  Apparatus 
1 

Most of the  experimental  work has  been concerned with r a t e s  of 
g a s i f i c a t i o n .  The equipment f o r  t h i s  c e n t e r s  about t he  r e a c t o r ,  which 

, based upon e a r l i e r  molten s a l t  r e sea rch ,  was made ou t  of 2-inch I . D .  
Inconel  600 p ipe ,  schedule 40,  26 inches long. A thermowell made out  
of %-inch Inconel  tubing en tered  a t  t h e  bottom of  the  r e a c t o r .  ' Inconel  tube f o r  steam and n i t rogen  en tered  from the  top and extended 

" t o  wi th in  % inch of the bottom of the  r e a c t o r .  

A $-inch 

Also a f f ixed  t o  the  top  
of the  r e a c t o r  was a %-inch p ipe  wi th  two quick opening b a l l  type  va lves  
which served a s  a lock hopper f o r  in t roduct ion  of the  carbonaceous 

i n t o  %-inch p ipe  which connected t o  a 4-way tee through which a h o r i z o n t a l  
and a v e r t i c a l  d r i l l  s ea l ed  by Conax f i t t i n g s  could be employed t o  

'\ 
?\ 
' > s o l i d  a s  12/20 mesh m a t e r i a l .  Gases ex i t ed  near  the  top  of t he  r eac to r  

1 keep the  e x i t  l i n e  open. A water condenser was followed by a s e p a r a t o r ,  
:$,a back pressure  r e g u l a t o r ,  sample t aps  f o r  gas  chromatography , and a w e t  

\ 
t e s t  m e t e r .  

Water was pumped us ing  a Ruska p o s i t i v e  displacement pump o r  Lapp 
!,diaphragm LS-10 and 2 0  pumps. 
, i n t o  a 40-inch long steam genera tor  made ou t  of  1-inch p ipe  and 
\ appropr i a t e ly  wound wi th  hea t ing  w i r e .  

This water wi th  a ni t rogen  sweep went 

A superhea ter ,  made o u t  of 20 
f e e t  of %-inch tubing i n  a c o i l  10 inches long,  employed a 12-inch long 
furnace.  The o u t l e t  was connected t o  the  +-inch tubing t h a t  went 
i n t e r n a l l y  t o  the  bottom of t h e  r e a c t o r .  A l l  exposed p ip ing  from t h e  I genera tor  t o  the  r e a c t o r  and the  hopper t o  the  r e a c t o r  was wound wi th  

1 covered r e s i s t a n c e  wire .  
' convent ional  equipment through c a l i b r a t e d  rotameters .  The 90% steam- 

'\ veloc j  t y  i n  the  r eac to r .  

Nitrogen and o the r  gases  w e r e  de l ive red  wi th  

10% ni t rogen  stream was normally fed a t  0 .5  f t / s e c  s u p e r f i c i a l  gas  

1 
f po in t  r eco rde r s  w e r e  used. 

A 24-inch long Kanthal furnace of 2.75-inch diameter se rved  t o  
h e a t  t he  r e a c t o r .  A l l  thermocouples w e r e  chromel-alumel. Mul t ip le  

Gases w e r e  analyzed using a p a r t i t i o n e r  
Y I 
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t o  o b t a i n  N2, CO2, CO and hydrogen by d i f f e r e n c e .  Mass spec t romet ry  

1 
and o t h e r  gas  chromatography equipment w e r e  u t i l i z e d  when necessary .  

B .  Procedure 

Opera t ion  c o n s i s t e d  i n  i n t r o d u c t i o n  normally of 414 grams of p u r e ,  
dense  sodium c a r b o n a t e  which was mel ted  and brought  t o  t h e  a p p r o p r i a t e  
t empera tu re  wi th  a f low o f  n i t r o g e n  through t h e  s team i n l e t .  This 
amount of  molten s a l t  measured f o u r  inches  i n  dep th  under qu ie scen t  
c o n d i t i o n s .  Steam r a t e  was then  s e t  and t h e  carbonaceous s o l i d  i n t r o -  
duced. S u f f i c i e n t  s o l i d  was charged ,  based  upon i ts .  t o t a l  carbon con- 
t e n t ,  t o  g ive  4% b y  weight  of carbon i n  t h e  m e l t  i n i t i a l l y .  C o l l e c t i o n  
of an a l i q u o t  of t h e  g a s  s t r e a m  was made t o  g e t  t h e  average  composi t ion 
f o r  t h e  f i r s t  f i v e  minu tes .  Product  g a s  was ana lyzed  a t  i n t e r v a l s  o f  
f i v e  and t e n  minutes  u n t i l  t h e  run  was t e rmina ted .  T o t a l  carbon 
g a s i f i e d  per  f i v e  minute  o r  o t h e r  i n t e r v a l  was c a l c u l a t e d  and t h e  per -  
c e n t  carbon remain ing  a t  each  t i m e  r ead ing  was used t o  p l o t  f i r s t - o r d e r  1 
k i n e t i c s .  

1 

,' 
1 

1 
,r 

f 

F i r s t - o r d e r  k i n e t i c s  was found t o  s a t i s f y  t h e  d a t a  a t  least  t o  
50% carbon consumption and i n  many o f  t h e  runs  t o  90%. Although some 

e x c e l l e n t  method f o r  i n t e r p r e t a t i o n  of t h e  d a t a .  From t h e  h a l f  l i f e ,  
t h e  s p e c i f i c  r e a c t i o n  r a t e  c o n s t a n t  i s  o b t a i n e d .  I n  o r d e r  t o  g ive  t h i s  
more i l l u s t r a t i v e  s i g n i f i c a n c e ,  it h a s  been conver ted  i n t o  pounds o f  
carbon g a s i f i e d  p e r  hour  p e r  cub ic  f o o t  of  molten s a l t  charged when 4% 

d e v i a t i o n s  have o c c u r r e d ,  it has  been found t h a t  t h i s  s e r v e s  a s  an 4 

1 
carbon i s  p rese i i t  i n  the melt. 4 

i High v o l a t i l e  b i tuminous  c o a l  from I s l a n d  Creek No.  27 mine, 
Holden, W e s t  V i r g i n i a ,  was used .  The proximate  a n a l y s i s  was: 1.31% 
w a t e r ,  37.3% v o l a t i l e  m a t t e r ,  57.6% f i x e d  carbon and 3.8% ash .  The 
u l t i m a t e  a n a l y s i s ,  on a d r y  b a s i s ,  wa6 83.6% carbon,  5.14% hydrogen, 
1.48% n i t r o g e n ,  0.66% s u l f u r ,  5.27% oxygen and 3.85% ash .  

i 
I 

111. RESULTS 

Th i s  r e p o r t  p r e s e n t s  t h e  i n i t i a l  s t u d i e s  cons ide red  o f  major i' 
importance to  t h e  o v e r a l l  p r o c e s s .  
c o r r e l a t i o n s  of  t h e  d a t a  w i l l  be made a t  a l a t e r  d a t e .  

It  i s  planned t h a t  more i n t e n s i v e  

A .  G a s i f i c a t i o n  S t u d i e s  -- E f f e c t  of Var i ab le s  1 
1. Temperature ,I 

The g a s i f i c a t i o n  r a t e  a t  a tmospher ic  p r e s s u r e  a t  0.5 f t / s e c  I 
s u p e r f i c i a l  g a s  v e l o c i t y  was determined f o r  b i tuminous  c o a l  a t  t h r e e  
tempera ture  l e v e l s .  The r e s u l t s  a r e  shown i n  t h e  fo l lowing  t a b u l a t i o n .  r 

i I 



201 

Temperature - 'F lb C Gasified/hr/CF 

1740 6.5 

1840 15 .2  

1940 33 

The jumps in gasification rate with increasing temperature are high 
and give an apparent activation energy of 50  kilocalories. 

2. Pressure 

The effect of steam pressure was determined with 30% steam in 
nitrogen at 1 atmosphere and with 90% steam in nitrogen at 1, 2 ,  3 ,  
4 and 10 atmospheres. The data have been obtained from runs using 
bituminous coal, cokes derived from this coal by coking to lllO'F 
(Coke 11) and to 1740'F (Cokes I11 and IV). Initial runs were made at 
1840'F but the high gasification rates decreased the accuracy as shown 
by scatter in the points for the top curve in Figure 1. Dropping the 
melt temperature to 1740'F gave an excellent series of points as depicted 
in the bottom curve of Figure 1. All these runs were made at 0.5 ft/sec 
superficial gas velocity with a 4-inch bed of molten sodium carbonate 
and at an initial concentration of 4% carbon in the bed. 

There appears to be a linear relationship between the logarithm 
of the rate and of the steam pressure above one atmosphere which 
allows a reasonable extrapolation to the desired commercial pressure 
of 400 psi. For the conditions given, rates of 3 5  and 66 pounds of 
carbon gasified per hour per cubic foot of melt at 1740'F and 1840'F, 
respectively, appear possible at 400 psia. Runs at higher pressures 
will be made in a pilot plant unit now being designed. 

3 .  Bed Heiqht 

The effect of the height of the molten salt bed on the kinetics 
is of importance for commercial design which at the present calls for 
bed heights of 10 to 20 feet. Ideally for ease of design, one would 
like to have no effect of bed height on the kinetics of gasification. 
Physical limitations of the test equipment have allowed only a limited 
amount of evidence to be obtained in this area. 

The effect of bed height was studied from 3 to 8 inches in the 
2-inch diameter reactor. The results at 3, 4 and 6 inches are shown 
in Figure 2. Conditions for these runs are given in the figure. 
Adjustment of the position of the reactor in the furnace allowed iden- 
tical temperature profiles to be obtained for 3 to 6-inch beds but not 
with the 8-inch high bed. 



20 
s u , ~  e r f  i c ial Ve lo c i tjr- f t ./sec 

Fig.2 - Lielt Height vs. R a t e  3ig.3 - Velocity vs. Rate 

- I I I I 1 I 1 1 1  I I 1 I I 1 1 1 1  I I I I 1 1 1 1  
70 - 
60 - Conditions 

u 50 0.5 it/sec - 

A 

I I I I I 1 1 1 1  I I I I I 1 1 1 1  _ _  .. . - _ _  
1 
u 

3 w w IOU 400 
S t e m  Pressure - ysia 

Fig.1 - Effect of S t e m  Pressure on Gasification 3ate.I 1 



203 

I t  was concluded t h a t  t h i s  he igh t  
A s i g n i f i c a n t  e f f e c t  of bed he igh t  on g a s i f i c a t i o n  r a t e  was obtained 

i n  t h e  two-inch diameter r e a c t o r .  
e f f e c t  must be due t o  poorer con tac t  of carbon and steam with increas ing  
he igh t .  S ize  of steam bubbles  and d i s t r i b u t i o n  of carbon a r e  the 
p r i n c i p a l  va r i ab le s .  The l a t t e r  appears  most suspec t  a t  t h i s  t i m e .  
I t  is be l ieved  t h a t  l a r g e r  diameter  r e a c t o r s  w i l l  a l low better mixing 
t o  be achieved and thus  l e s sen  t h e  e f f e c t  observed he re .  Fur ther  

1 1  eva lua t ion  must awai t  cons t ruc t ion  of p i l o t  p l a n t  equipment. 

\ 4. S u p e r f i c i a l  Steam Veloc i ty  

Or ig ina l  adopt ion of  0.5 f t / s e c  s u p e r f i c i a l  steam and n i t rogen  
v e l o c i t y  Was based upon simulated v i s u a l  experiments with aqueous z inc  
ch lo r ide  system of 2 gr /cc  d e n s i t y  and charcoa l  which showed exce l l en t  

The run a t  

I 
b mixing a t  0.25 f t / s e c  and h igher  v e l o c i t i e s .  
\ study under g a s i f i c a t i o n  cond i t ions  a r e  shown i n  Figure 3. 

2 f t / s ec  taxed the  steam genera t ing  and condensing system a s  we l l  a s  
1 t h e  h e a t  supply from t h e  Kanthal furnace.  '> 1740' t o  1710'F i n  the  i n i t i a l  p a r t  of t h e  run and requi red  a co r rec t ion  

The r e s u l t s  of a s epa ra t e  

Temperature dropped from 

back t o  1740'F. Thus the dashed p a r t  of t he  curve i n  Figure 3 i s . a n  
ad jus ted  value.  It does appear t h a t  t he  r a t e  l e v e l s  o f f  around 2 f t / s ec .  

The v e l o c i t y  e f f e c t  very  d e f i n i t e l y  i n d i c a t e s  t h a t  t h i s  system i s  
s e n s i t i v e  t o  mixing. I t  appears  t o  confirm t h e  conclusions reached 
above i n  the  s tudy of bed he igh t .  

I, 5. Ash Content i n  M e l t  

a Normally, opera t ion  has  been wi th  non-ash conta in ing  m e l t s  of 
sodium carbonate  because of g r e a t e r  ease  of removal by washing and 
less cor ros ion  on the  Inconel  r e a c t o r s .  

of which w i l l  depend on v i s c o s i t y ,  degree of sodium recovery,  e t c .  The 
presence of ash increases  t h e  tendency of  t h e  m e l t  t o  f r o t h  which 

\ 
f ' 
I s teady  s t a t e  conten t  of ash w i l l  e x i s t  i n  the me l t ,  t he  concent ra t ion  

I n  commercial ope ra t ion ,  a 

1 i nc reases  t h e  i n t e r f a c i a l  a r ea .  Comparison of runs conta in ing  10% 
4 bituminous coa l  ash i n  t h e  m e l t  wi th  non-ash m e l t s  a t  two temperatures ,  

[ t abu la t ion .  
0.5 f t / s e c  ve loc i ty  and.4-inch bed he igh t s  a r e  shown i n  the  fol lowing 

Gas i f i ca t ion  Rate - lbs C/hr/CF 
Temperature, OF Non-Ash 10% A s h  

1740 7.5 13.6 

1 1840 14.7 31.9 i ' Approximately a twofold enhancement of  r a t e  appears due t o  t h e  presence 

'' ash  a r e  about equiva len t  t o  r a t e s  f o r  runs w i t h  ash a t  0.5 f t / s ec .  Some 
of ash.  The r a t e s  of some runs  a t  1 ft/sec s u p e r f i c i a l  v e l o c i t y  without  w 

I / 
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r u n s  a t  1 f t / s e c  w i t h  a s h  p r e s e n t  showed even s l i g h t l y  h i g h e r  r a t e s  
ove r  s i m i l a r  r u n s  w i t h o u t  a sh .  Melts w i t h  a s h  have been maintained 
under carbon d i o x i d e  u n t i l  nea r  t h e  s t a r t  of the run  t o  d e c r e a s e  t h e  
s o l u b i l i z a t i o n  o f  a s h  components. 

I 6 .  Misce l l aneous  

Some i n i t i a l  work on p a r t i c l e  s i z e  o f  c o a l  i n d i c a t e d  the r a t e  w a s  A ! unchanged i n  u s i n g  40/60 mesh r a t h e r  t h a n  the u s u a l  12/20 m e s h - c o a l  
p a r t i c l e s .  A poor tes t  w i t h  -200 mesh m a t e r i a l  q u a l i t a t i v e l y  i n d i c a t e d  
an enhanced r a t e .  More work i s  planned f o r  . t h i s  a r e a .  

Only ve ry  l i t t l e  h a s  been done on v a r i a t i o n  i n  f eed  s t o c k .  B i t u -  
minous c o a l  and coke d e r i v e d  from t h i s  c o a l  appear  t o  r e a c t  a t . a b o u t  
t h e  same r a t e  w h i l e  R e n n e r ' s  Cove l i g n i t e  showed double t h e  r a t e .  
Ra te s  a r e  t a b u l a t e d  below f o r  r u n s  a t  a tmospheric  p re s su re . ,  0.5 f t / s e c  
v e l o c i t y  and 4- inch m e l t  h e i g h t .  

1 - 

I 

G a s i f i c a t i o n  Rate  - lbs C/hr/CF 
1740 OF 1840 OF 

i 
16 .5  27.i .5 

1 

Bituminous. Coa l  6 .5  15.2 

Bituminous Coke I V  - 14 .8  

Renner ' s  Cove L i g n i t e  

Some concern t h a t  g a s  t empera tu re  may have been below m e l t  t e m -  
p e r a t u r e  was caused by t h e  p roduc t  g a s  composi t ion i n d i c a t i n g  e q u i l i b r i u  
f o r  t h e  water g a s  r e a c t i o n  was 200' t o  300°F b e l o w  t h e  m e l t  temperature .  
S e v e r a l  r u n s  w i t h  supe rhea ted  steam e n t e r i n g  t h e  r e a c t o r  a t  1500° t o  
1600'F had no e f f e c t  on t h e  r a t e  of g a s i f i c a t i o n .  Equ i l ib r ium f o r  t h e  
wa te r  g a s  r e a c t i o n  i's n o t  d i c t a t e d  by the m e l t  t empera tu re  a lone  b u t  by 

composi t ion.  
some t empera tu re  a t  t h e  w a l l  b e f o r e  c o o l i n g  and f i x i n g  of t h e  g a s  I 

1 I n  a p r e l i m i n a r y  s tudy  o f  t h e  e f f e c t  o f  p roduc t  q a s e s  upon r a t e ,  
30% steam i n  hydrogen was found t o  g i v e  about  t h e  same r a t e  a s  30% 
steam. i n  n i t r o g e n .  Hence, hydrogen had no e f f e c t  upon t h e  k i n e t i c s  a t  
a tmospheric  p r e s s u r e  and 1840'F. Although 30% steam i n  carbon d iox ide  
l e d  t o  about a 25% d e c r e a s e  i n  r a t e ,  t h i s  i s  viewed w i t h  c a u t i o n  s i n c e  
t h e  d i f f e r e n c e  between two l a r g e  numbers, 10.60 and 9.53 moles ,  r ep re -  I 

i 
s e n t s  t h e  carbon g a s i f i e d .  Carbon monoxide added t o  steam (30%) I 

r e a c t e d  wi th  t h e  steam f i , r s t .  B 

I t  i s  p l anned  t h a t  a t  some f u t u r e  d a t e ,  s t u d i e s  o f  combustion, ! 
v i s c o s i t y ,  sodium recove ry  and s o l i d  c a r r y o v e r  w i l l  be p re sen ted  t o  
complete  t h i s  i n i t i a l  p i c t u r e .  
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